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Initial adhesion and surface growth of Staphylococcus
epidermidis and Pseudomonas aeruginosa on
biomedical polymers
Bart Gottenbos, Henny C. van der Mei and Henk J. Busscher
The infection risk of biomaterial implants varies between different materials and is determined
by an interplay of adhesion and surface growth of the infecting organisms. In this study, we
compared initial adhesion and surface growth of Staphylococcus epidermidis HBH2 102 and
Pseudomonas aeruginosa AK1 on poly(dimethylsiloxane), Teflon, polyethylene, polypropylene,
polyurethane, poly(ethylene terephthalate), poly(methyl methacrylate) and glass. Initial adhesion
was measured in situ in a parallel plate flow chamber with microorganisms suspended in
phosphate buffered saline, while subsequent surface growth was followed in full and in 20 times
diluted growth medium. Initial adhesion of both bacterial strains was similar to all biomaterials.
In full growth medium, generation times of surface-growing S. epidermidis ranged from 17 to
38 min with no relation to wettability, while in diluted growth medium generation times
increased from 44 to 98 min with increasing surface wettability. For P. aeruginosa no
influence of surface wettability on generation times was observed, but generation times
increased with decreasing desorption rates, maximal generation times being 47 min and
minimal values down to 30 min. Generally generation times of adhering bacteria were shorter
than of planktonic bacteria. In conclusion, surface growth of initially adhering bacteria is
influenced by biomaterial surface properties to a greater extent than initial adhesion.
Reproduced with permission of John Wiley & Sons, Inc. from





Biomaterial-centered infections are serious complications associated with the use of biomaterial
implants and devices. After adhesion and growth of infectious microorganisms on a biomaterial
surface, the biofilm mode of growth protects the organisms against the host defense system and
antibiotics [1]. Consequently, an infected biomaterial implant has to be replaced, at the expense
of considerable costs and patients discomfort [2]. Clinically, there appear to be great differences
in infection risk between different biomaterials. An expanded polytetrafluoroethylene (e-PTFE)
abdominal wall prosthesis, for example, is highly susceptible to infection, while the same
prosthesis made of polypropylene mesh demonstrates an impressive resistance against infections
[3].
The formation of an infectious biofilm is initiated by transport and adhesion of micro-
organisms to the surface of the implant or device [4]. Initial microbial adhesion is extensively
studied and generally believed to depend on the physico-chemical properties of the microbial and
biomaterial surfaces [5]. After initial adhesion, surface growth of adhering microorganisms leads
to the formation of a biofilm. Although this process is evidently significant in the pathogenesis of
biomaterial-centered infections, there are only few studies on surface growth of adhering
microorganisms, i.e. growth of those organisms in direct contact with the biomaterial surface [6].
Yet, these microorganisms play a pivotal role in biofilm formation as they link the entire biofilm
to the biomaterial surface [7].
Recently, Barton et al. [8] compared the initial surface growth rate of Staphylococcus
epidermidis, Pseudomonas aeruginosa and Escherichia coli on different orthopedic implant
materials in a parallel plate flow chamber in whole growth medium. A correlation was found
between the generation time of P. aeruginosa and the free energy of adhesion of the organisms
for the different biomaterials. This correlation was not found for S. epidermidis and E. coli.
Habash et al. [9] studied adhesion of P. aeruginosa AK1 to silicone rubber in a parallel plate
flow chamber from buffer and buffer, supplemented with 2 % nutrient broth. In broth
supplemented buffer, a steady increase of the number of adhering organisms was found also after
several hours, whereas in buffer stationary numbers of adhering bacteria were found after 1 h.
The steady increase was attributed to surface growth and corresponded with a higher initial
deposition rate in broth supplemented buffer as compared to in buffer only.
The aim of this study was to compare the initial adhesion and surface growth of two
clinically relevant strains of S. epidermidis and P. aeruginosa on different biomaterials, as listed
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Table 1. Proprietary names and usage of some common biomedical polymers [10].


















PET Dacron, Terlene, Mirafil,
Mersilene, Mylar, Melinex
Prosthetic heart valves





































in Table 1 together with their possible application as an implant. Furthermore, glass was included
as it constitutes an extremely hydrophilic surface.
Materials and methods
Strains and growth conditions
S. epidermidis HBH2 102, isolated from the skin, and P. aeruginosa AK1, a uropathogenic
isolate, were used in this study. First, a strain was streaked and grown overnight at 37°C from a
frozen stock on a blood agar plate. The plate was then kept at 4°C, never longer than a week.
Several colonies were used to inoculate 5 ml of tryptone soya broth (TSB, OXOID, Basingstoke,
England) for S. epidermidis or nutrient broth (NB, OXOID) for P. aeruginosa in phosphate
buffered saline (PBS) that was incubated at 37°C in ambient air for 24 h. From this preculture 1
ml was used to inoculate a second culture (150 ml TSB in PBS for S. epidermidis or 100 ml NB
in PBS for P. aeruginosa) that was grown for 17 h. The bacteria from the second culture were
harvested by centrifugation (S. epidermidis at 5000 and P. aeruginosa at 10,000 g) for 5 min at
10°C and washed twice with sterile Millipore-Q water. Subsequently, the bacteria were sonicated
on ice (4 times 10 s with S. epidermidis and 3 times 10 s with P. aeruginosa) in sterile PBS. The
suspension was diluted in sterile PBS to a concentration of  3 x 108 cells ml-1.
In order to determine the generation time of the bacteria in suspension, bacteria of three
independently grown cultures were suspended in full or 20 times diluted growth medium in PBS
and growth curves were made at 36°C by optical density measurements at 600 nm.
Biomaterials
Sheets of implant grade poly(dimethylsiloxane) (Medin, Groningen, The Netherlands) were
heated for 4 h at 180°C to remove volatile impurities. Polyethylene, polypropylene and
poly(ethylene terephthalate) were obtained from Goodfellow (Cambridge, UK). Polyurethane
(pellethane 2363-75D) was kindly provided by Dow Benelux (Terneuzen, The Netherlands).
Further poly(tetrafluoroethylene-co-hexafluoropropylene) (Fluorplast, Raamsdonkveer, The
Netherlands), poly(methyl methacrylate) (Vink Kunststoffen, Didam, The Netherlands) and glass
were used. The samples were cleaned in a 2% RBS 25 (Omniclean, Breda, The Netherlands)
detergent solution under simultaneous sonication and thoroughly rinsed in demineralized water,
sterilized in 70% ethanol and finally washed with sterile Millipore-Q water.
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The wettability of the materials was determined by water contact angle measurement at
room temperature with an image analyzing system, using the sessile drop technique. Each value
was obtained by averaging five droplets on one sample.
The parallel plate flow  chamber, image analysis, adhesion and surface growth assay
The flow chamber (dimensions; l x w x h = 76 x 38 x 0.6 mm) and image analysis system have
been described in detail [11]. Images were taken from the bottom plate (58 x 38 mm) of the
parallel plate flow chamber which consisted of a thin square (15 x 15 mm) of the biomaterial to
be used affixed centrally into the groove (15 x 15 mm) of a thicker (2.0 mm) perspex plate. The
depth of the groove was adapted to the thickness of the biomaterial in such way that the materials
surface was on the same height as the surface of the perspex plate. In the studies on glass and
PMMA, the entire bottom plate was made of glass or PMMA, respectively. The top plate of the
chamber was always made of glass. The chamber was heat sterilized as a whole, except for the
perspex plate and biomaterials, which were sterilized by 70 % ethanol. The flow chamber was
equipped with heating elements and kept at 36°C throughout an experiment. Deposition was
observed with a CCD-MXRi camera (High Technology, Eindhoven, The Netherlands) mounted
on a phase contrast microscope (Olympus BH-2) equipped with a 40 x ultra long working
distance (Olympus ULWD-CD Plan 40 PL) and a 4 x objective. The camera was coupled to an
image analyzer (TEA, Difa, Breda, The Netherlands).
Prior to each experiment, all tubes and the flow chamber were filled with sterile PBS,
taking care to remove all air bubbles from the system. Once the system was filled, and prior to
the addition of the bacterial suspension, the fluid was allowed to flow through the system at a
flow rate of 0.025 ml s-1 corresponding with a shear rate of 10 s-1 for 60 min, while the flow
chamber was heated to 36°C, and subsequently switched to a bacterial suspension of 3 x 108 cells
ml-1 in PBS at the same flow rate. The bacterial suspension was perfused through the system for
1 h without recirculation and images were obtained continuously and analyzed real-time. The
initial increase in the number of adhering bacteria over time was expressed in so-called initial
deposition rate, i.e. the increase in the number of adhering bacteria per unit area and time.
Following 1 h perfusion of the flow chamber with bacterial suspension, flow was
switched to buffer without bacteria to remove unbound organisms from the tubes and the flow
chamber under the same flow rate for 15 min. Subsequently, flow was switched to either full or
20 times diluted growth medium in PBS. The number of bacteria detaching upon sudden
exposure to growth medium was determined and expressed as a percentage of the bacteria
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adhering prior to introduction of the medium. Growth medium was perfused through the system
at the same flow rate for 24 h without recirculation and images were recorded every 20 min for
S. epidermidis using a 4x objective and for P. aeruginosa every 3 min with a 40x objective.
Biofilm growth was mathematically analyzed by [8]
( )idesgti tknn D-= D /0 2                                                (1)
in which ni is the number of adhering bacteria after time i x Dt, n0 is the bacterial number at
the start of the growth phase, g is the generation time and kdes is the desorption rate constant.
For S. epidermidis, the mathematical analysis was based on surface coverage by the biofilm. The
area of desorbed biofilm during each time interval was divided by the surface coverage of the
total biofilm at the beginning of the time increment yielding the desorption rate constant (kdes).
Subsequently the generation time was regressed from equation 1 by performing a nonlinear
least-squares fit of the logarithmic growth phase of the growth curve. For P. aeruginosa, the
mathematical analysis was based on numbers of adhering bacteria and the generation time could
be directly obtained from the recorded images as cell division was clearly visible. Generation
time was determined for at least 30 individual bacteria and averaged. From equation 1, the
desorption rate constant kdes was regressed by fitting the logarithmic part of the growth curve.
Furthermore, for both bacteria a so-called “biofilm doubling time” (tdouble) was determined, i.e.
the time after which the number of bacteria on the surface had doubled. The growth
characteristics were determined after the lag time. After 24 h of surface growth, the surface
coverage of the biofilm was determined for 15 different fields of view for each bacterial strain.
Experiments in full medium were done in single fold, while those in diluted medium were
done in duplicate.
Results
Wettability of the biomaterials
In Table 2, the water contact angles (qw) on the materials employed are shown to cover a
broad range of wettabilities, varying in water contact angle from 20 to 111 degrees.
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Table 2. Water contact angles, initial adhesion rate and numbers adhering after 1 h during deposition of bacteria
from PBS to biomedical polymers
S. epidermidis HBH2 102 P. aeruginosa  AK1
Biomaterial qw (degrees) j0




(102 cm-2 s -1)
n1h
(106 cm-2)
SR 111 18 6.4 2.9 0.7
FEP 108 21 5.8 1.1 0.3
PE 98 19 6.7 1.9 0.9
PP 94 18 6.0 3.6 0.9
PUR 78 17 5.7 3.8 0.7
PMMA 75 21 6.4 3.1 0.6
PET 74 22 7.4 3.2 0.7
Glass 20 19 5.4 2.6 0.4
Initial bacterial adhesion
During the first part of the experiments, the initial adhesion of S. epidermidis HBH2 102 and
P. aeruginosa AK1 onto the different materials was determined in PBS, i.e. in the absence of
growth. The initial deposition rates (j0) and total numbers of adhered bacteria after 1 h (n1h)
are shown in Table 2 as well. Initial deposition of the S. epidermidis strain is 5 to 20 times
faster than of P. aeruginosa AK1, with little variation between the different materials. Most
prominent is the low initial deposition rate of P. aeruginosa on FEP, as compared with the
other materials. Similarly, also the number of bacteria adhering after 1 h are much more strain
dependent rather than substratum dependent.
Surface growth of adhering bacteria
Examples of the surface growth of S. epidermidis in 20 times diluted TSB on PE, PP and PET
are shown in Figure 1. At the onset of the experiment (time 0), flow was switched from buffer
to 20 times diluted TSB and after approximately 7 h, the surface coverage of the biofilm
started to increase exponentially, while the bacteria grew in aggregates expanding over the
biomaterial surface. The lag time was 4 h in full TSB for S. epidermidis. For P. aeruginosa




















Figure 1. Surface coverage by S. epidermidis HBH2 102 biofilm during flow of 20 times diluted TSB through
the parallel plate flow chamber on PP (circles), PET (squares) and PE (triangles).
Table 3 reports the results of the surface growth experiments of S. epidermidis HBH2
102. Desorption upon first exposure to the medium was less than 10%, except for FEP in full
TSB, from which a large percentage of adhering bacteria desorbed. In full growth medium the
desorption rate constants during growth (kdes) were highest on PE, PP, PUR and PET, while in
diluted medium these were highest on glass, SR, FEP, and PMMA. Biofilm doubling times as
well as generation times were much shorter in full than in 20 times diluted TSB. In full
medium these were shortest on SR, PE and PUR and longest on FEP, PMMA and PET. In
diluted growth medium biofilm doubling times ranged between 68 and 258 min with the
longest doubling times occurring on PP and glass. Here generation times of surface-growing
bacteria exceeded the generation time of planktonically growing bacteria on PP, PMMA, PET
and glass. In full TSB surface growth appeared faster than growth of planktonic bacteria, for
which a generation time of 52 min was found. After 24 h, most surfaces were completely
covered with a biofilm in full growth medium, while in diluted medium surface coverage after
24 h of surface growth ranged between 6 and 80%.
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Surface growth of P. aeruginosa AK1 proceeded along a different pattern than that of
S. epidermidis, as adhering P. aeruginosa elongate, divide and split up during growth, rather
than forming aggregates. Table 4 presents the results of the mathematical analysis of P.
aeruginosa biofilm formation. Desorption upon exposure to medium is low (0-8%) on PE, PP,
PUR and PET, while on the other materials desorption is high (29-70%). Desorption rate
constants during growth on the different biomaterials vary accordingly. The biofilm doubling
time in full NB is highest on glass and SR. In full medium, biofilm doubling times varied less
amongst the different biomaterials and were shorter than in diluted medium. Generally,
bacteria grew faster on the biomaterial surfaces than planktonically. The surface coverage
after 24 h varied between 50 and 68%.
Discussion
In this study we evaluated the extended use of the parallel plate flow chamber to study initial
adhesion and surface growth of bacteria onto various biomaterial surfaces. It was shown that the
system is suitable to measure bacterial growth and desorption rates during surface growth on
various materials. A combined adhesion and growth experiment with this system is novel.
Combination of adhesion experiments with subsequent growth measurement is clinically much
more relevant, as implant infections usually result from surface growth of only a few adhering
microorganisms.
Bacterial adhesion is often found to differ between materials with different chemical
composition or hydrophobicity [12]. In our study little variation was seen in initial adhesion to
different materials varying in chemical composition and hydrophobicity. This can probably be
explained by the high ionic strength of PBS, in which the experiments were performed, as
differences in electrostatic interactions become negligible in high ionic strength solutions [13].
The results obtained during surface growth of S. epidermidis HBH2 102 for FEP and PP
correspond strikingly well with clinical experiences obtained with abdominal wall patches made
out of these biomaterials. Growth rate on PP under low nutrient conditions is 2 times lower than
on FEP and on the other more hydrophobic biomaterials. This corresponds to the low incidence
of infections of PP abdominal wall prostheses in comparison to e-PTFE prostheses [3]. In full
TSB, these differences were not seen, but this high nutrient level likely does not correspond to
the clinical situation. As most biomaterial-centered infections are caused by staphylococci [2],
these data suggest that growth rate is an important factor for the pathogenesis of staphylococcal
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infections, possibly because slow growth of the infecting organisms changes the “equation of
infection” in favor of the host [14].
Several studies have been done on the relation between materials surface properties and
growth of adhering bacteria. Van Loosdrecht et al. [15] concluded that adhesion of bacteria does
not directly influence their metabolism and growth yield and changes in growth rate of adhering
bacteria with respect to planktonically growing bacteria are suggested to be a result of nutrient
adsorption. Depending on the amount of adsorbed nutrients and whether adsorption is easily
reversed, growth rates of adhering bacteria can decrease or increase with respect to their
planktonic counterparts.
Interestingly, generation times of S. epidermidis in 20 times diluted TSB decrease
linearly on the different materials with increasing contact angles (excluding PP, see Figure 2).
Water contact angle (degrees)



















Figure 2. Relation between generation times during surface growth of S. epidermidis HBH2 102 and the water
contact angles on the biomaterial surfaces. The generation times in full TSB are shown as circles, while the
squares give the generation time in 20 times diluted TSB. An arrow indicates the PP data point in diluted TSB.
In full TSB the generation times were not systematically influenced by the surface
hydrophobicity. Likely, the availability of adsorbed nutrients is different on hydrophilic than on
hydrophobic biomaterials, while the abundant nutrient availability in full growth medium is
sufficient to ensure equal growth opportunities on all biomaterial surfaces.
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With P. aeruginosa no relations were found between surface growth and biomaterials
wettability. Differences between the generation times on the different biomaterials were largest
in full NB and only minor in 20 times diluted NB. On those biomaterials, showing slow growth
of adhering bacteria, desorption of bacteria upon exposure to growth medium was low (see Table
4), while furthermore also bacterial generation times decreased with increasing desorption rate
constants in full NB (see Figure 3). In diluted NB this relation between generation time and
desorption rate constant was less evident. Tentatively, and interpreting low desorption as
indicative for a strong adhesion force between bacteria and biomaterial surface, it is suggested
that stronger attraction between adhering bacteria and a surface hampers elongation and
division of the adhering bacteria and therewith surface growth. This suggestion is in line with
hypotheses of Harkes et al. [16] demonstrating that surface growth of adhering E. coli was slow
or even absent on positively charged surfaces, due to tight binding as compared with negatively
charged surfaces.
Desorption rate constant (min -1)























Figure 3. Relation between generation times and desorption rate constants during surface growth of P.
aeruginosa AK1 in full NB (circles) and 20 times diluted NB (squares).
In conclusion, surface growth of bacteria adhering on biomaterial surfaces is affected by
physico-chemical interactions between nutrients, bacteria and the biomaterial surface. Surface
growth rates of S. epidermidis HBH2 102 and P. aeruginosa AK1 are different on different
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biomaterials and probably account for differences in clinical risk of biomaterial-centered
infections, whereas initial bacterial adhesion is relatively similar.
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